ABSTRACT: Axially restrained steel beams exhibit lower structural efficiency when they are subjected to elevated temperature. Thermal expansion is one of the most hazardous conditions such beams could experience throughout their service life. In this regard, using an adequately performing connection can enhance the thermal performance of the beams. This paper, therefore, evaluates experimentally the performance of slant end-plate as a proposed connection for dissipating thermal expansion experienced by the steel beam. In this study, several experimental tests were carried out on two different specimens in terms of scaling and gravity loads to prove the hypothesis and results obtained from a present analytical study. The evaluation of tests and analytical results showed that both outcomes are consistent with each other with comparison ratios between 0.96 and 1.09. In addition, the experimental tests, as well as analytical outcomes, have proven that the slant end-plate connection can successfully reduce the additional thermally induced axial forces via the upward crawling mechanism.
INTRODUCTION
Thermal effects are well-known as among the most harmful loading types any steel structure can experience throughout its service life. With ever-developing large cities and limited space available for buildings, it is inevitable that structures grow in an upward fashion. As a result, the risk of thermal hazard increases as well. Thus far, it is well documented that thermal loading has a significant influence on steel structural components. Elevated temperature can induce an extra axial force in structural members. One most common thermal effect identified in steel structures is the reduction in compressive strength due to increase in temperature. Rodrigues et al. [1] found that the thermal failure of a structural element occurs in two major stages: linear and nonlinear. They posited that the first stage constitutes the initiation mechanism of failure, involving the yielding of members before the inelastic regime and the reduction of Young's modulus. Mourão and Silva [2] investigated the expansion of steel beams caused by uniformly elevated temperatures and illustrated that in an axially restrained beam, the end supports resist against thermal expansion. Wong [3] demonstrated that the strength of a steel beam at room temperature is acceptable for design regardless of the existence of axially restrained boundary conditions or otherwise.
The search for an economical resistance method to improve the performance of steel structures in the presence of elevated temperature remains a challenging task that captures the interest of structural engineers. Research on steel structures with the confinement of axial expansion in restrained beams has been quite intensive since the early 2000s. Commonly employed engineering solutions, which address temperature-related concerns, take the form of section area increment, provision of lateral supports [4] , cooling action by air-conditioning and watering [5] , and thermal breaks [6] .
A considerable amount of literature has been published on the structural response of steel beams under initially induced thermal axial forces [7] [8] [9] . In addition, a number of studies have investigated end-plate connections at elevated temperatures [10] [11] [12] [13] [14] [15] . However, there is so far no adequate evidence showing the existence of a reliable structural method to reduce the axial force in restrained beams subjected to elevated temperature. In the present work, we propose to explore further by experimental means slanted end-plate connections as a structural solution to protect beam and connections against primary failure in the presence of elevated temperature. The fundamental development in terms of an analytical model for such a connection when subjected to a non-symmetric gravity load and a temperature increase has been formulated by Zahmatkesh et al. [16] . They demonstrated that a temperature increase in a steel beam with conventional connections induces a huge additional axial force that decreases the beam ability to bear external gravity loads. Besides, this study shows that by changing the connection to that of the slanting type, this additional axial force can be dissipated efficiently.
VERTICAL AND SLANT END-PLATE CONNECTIONS CHARACTERISTICS AT ELEVATED TEMPERATURE
The popularity of end-plate connections is largely owed to their simplicity in fabrication and installation. Figure 1 shows the typical conventional (vertical) and slant end-plate connections. In general, these connections consist of end-plates that are welded to the ends of a beam in the workshop and then bolted to the flange of columns on site. They can be utilised with slanted beams and are able to tolerate moderate offsets in the beam to column joints. The current study has focused on the slant end-plate connection as a proposed thermal resistance connection. The slant end-plate connection is similar to conventional end-plate connections, differing only in the inclination angle of the end-plate as shown in Figure 1 . In the currently investigated experimental tests, the angle of slanting of the end-plate is set to 45 o , as it is a practical angle for installing bolts into the holes at the top and bottom of the end-plate.
In elevated temperature conditions, when a steel beam is heated, it tends to expand. Therefore, if the supports resist this expansion, an additional axial force is generated in the beam. Usually, the thermal elongation (∆L) of the steel beams is very small in the elastic range of material. Zahmatkesh et al. [17] demonstrated that the use of slant end-plates instead of conventional (vertical) connections can lead to a dissipation of the generated thermal axial force. Equations 1 to 4 determine the value of axial force (P) in an axially restrained steel beam with slant end-plate connections under various loading conditions.
Under symmetric gravity load and before elevated temperature: Under non-symmetric gravity load, before sliding and before elevated temperature:
Under non-symmetric gravity load, after sliding and before elevated temperature:
After elevated temperature for both cases of gravity loads:
where W is the linear uniform gravity load along the length of steel beam (L), a is the slanting angle, ø is the friction angle between slant end-plates based on the Coulomb model, and a is the distance of the resultant of non-symmetric gravity load to support. The thermal force dissipation mechanism involves an upward crawling of the connections inclined surfaces at the end of the steel beam as a result of expansion. The behaviour of a restrained steel beam with vertical and slant end-plate connections under temperature increase are shown in Figures  2 and 3 , respectively. As shown in Figure 2 , after an increase in temperature, the conventional (vertical) connections resist against expansion of the beam and it is buckled because the beam could not tolerate an extra axial load (Pcr). On the other hand, Figure 3 illustrates that, after an elevation in temperature, two inclined supports induce thermal axial force into the steel beam through member expansion. However, the two slanted surfaces allow the beam to dissipate the thermal axial force and expansion by linear crawling on the two inclined plates. Although there is a vertical motion tolerance between the surfaces in the conventional (vertical) endplate connections, it is unable to absorb the overall thermal expansion at the two ends of the beam in the horizontal direction. This is because the direction of thermal expansion is perpendicular to the direction of the moving surface. In the slant end-plate connection, there is a slanting tolerance between the surfaces to absorb the thermal elongation of the beam using the crawling mechanism over the slanting faces. Therefore, the direction of horizontal expansion can be projected to the slanting plane of the connection. 
EXPERIMENTAL STUDY
To validate the results of the analytical method used by Zahmatkesh et al. [17] , two cases were of interest: i) small-scale and ii) full-scale specimens. Table 1 lists the material properties of steel beams used in this study. 
Symmetric gravity load test
The structural responses computed by the analytical approach were first compared with the experimental tests on the small-scale specimen. Experimental data were taken from the smallscale steel beam tests carried out at the Structure Lab of the Universiti Teknologi Malaysia (UTM). The geometrical details of the considered structure are shown in Figure 4 . The section of the specimen was of H shape with a thickness of 1.5 mm. The columns height and the beam length were 235 mm and 450 mm, respectively (the middle beam was 350 mm long). Figure 5 shows the composition of components used for the small-scale specimen test. The structural members of this specimen consist of five separate parts: the beam specimen with inclined ends supported by a corbel beam at each end and two columns. These five parts were assembled with normal bolts and nuts. To conduct the tests, the beam was detached as a separate component from the supporting frame, resembling those of the analytical assumptions [17] . In line with the primary assumptions, the axially restrained steel beam was connected to the end supports by a slider system. As a result, oversize holes with clearance for bolts movement were considered for free sliding of the beam on the inclined end-supports, as in the primary assumptions. For this reason, four oval shape holes (slot) have been provided for free sliding of the beam on the slanted supports. The tightened normal bolts had been restricted for plane displacement but they were free for sliding on the inclined supports. Conforming to the analytical equations, the friction factor, µs, between two faces of the slant end-plate connection was required. Figure 6 shows a basic friction test set-up for determining the friction factor between the inclined steel plates. The self-weight of the beam was 6.67 N with a connection slanting angle of 45° (θ = 45°). As shown in Figure 6 After determining the friction coefficient, the small-scale specimens were tested at room and elevated temperatures conditions. The tests were designed with the aim of verifying the performance of the slant connection as well as the analytical method. Figure 7 shows the test set-up for the small-scale specimen. In the conducted tests, the values of axial force in the beam due to elevated temperature and seven symmetric gravity load intensities (6.67 N, 26 Similar to the friction test, the axial force was recorded with the data logger and a load cell located at the end of the beam. To keep the temperature under 100° or within elastic zone [18] , 10 thermocouples were attached along the beam with the heat source coming from a hot air blower placed in the middle of the beam. Note that only some key outcomes of the analytical method are considered for comparison with the experimental responses. Figure 8 shows the relationships between gravity loads and axial forces (Pi and Pt) in the beam for two case studies, before and after elevated temperatures. It is evidenced that the analytical models conform acceptably to the outcomes produced by experiments, both before and after temperature increase, thus reflecting the consistency of both methods.
Figure 8. Relationship between Symmetric Gravity Load and induced Axial Force in the
Beam in Small-scale Specimen (friction factor, μs = tan Φ = 0.37, θ = 45°)
Non-symmetric gravity load test
In the second stage, the small-scale specimen was tested under non-symmetric gravity loads. In the non-symmetric load case study, the distance between slant support and the resultant vector of gravity load is a.L where L is the length of the beam ( Figure 9 ). Based on Equation (5) [19] , the values of a factor can be determined for both before and after sliding cases. The obtained a factors for the cases before and after sliding were 0.688 and 0.878, respectively.
  cot(θ ) a
Equilibrium condition before sliding (5) cot θ cot(θ )
The beam was tested for several incrementally applied non-symmetric gravity loads with three sub-cases: before (two cases) and after elevated temperatures. Figure 9 shows the test set-up for both cases, i.e., before and after sliding. During the test, the axial force was recorded with a force sensor located at the end of the beam that was connected to an interface kit system (model 8/8) attached to a computer. The distances from the centre of mass of gravity load to the right support were 0.688L and 0.878L, respectively. In the case of after elevated temperature, a 10-channel thermocouple set was used for measuring the applied temperature with the heat source coming from a hot air blower placed in the middle of the beam. The aim was the same, i.e., to measure the axial force in the beam for incremental load magnitudes. In compliance with the experiment, the results obtained from the analytical approach (the small-scale specimen modelling) were used for comparison. Figure 10 shows the relationships between applied non-symmetric gravity loads and axial forces in the small-scale specimens for all cases of sliding and temperature conditions. The trend exhibited by the experimental test is reasonably similar to that of the analytical method. It is apparent that in both methods, the axial force in the beam increased with the nonsymmetric gravity load.
As shown in Figure 10 , after the initiation of primary sliding on the inclined surface, an increase in temperature did not change the axial force. Because of limitations imposed on the experimental study, only some of the important features were chosen for testing (for example, it would have been somewhat laborious to change the friction factor to cover all cases).
Results indicate that the model agrees well with the experimental findings, both with and without temperature change. Figure 10 . Relationship between Non-symmetric Gravity Load and Axial Force in the Small-scale Specimen (friction factor, μs = tan φ = 0.37, θ = 45°)
Full-Scale Specimen

Symmetric gravity load test
Next, the thermal performance of a full-scale specimen with slant end-plate connections was investigated by experimental tests where the direction of supports slanting angle had been fixed at 45°. Again, the structural responses computed by the analytical method were used for comparison. The geometrical details of the structure are shown in Figure 11 . As shown in this figure, the main and side beams were of I sections with a thickness of 6 mm for webs and 8 mm for flanges. The length of the beam was 1800 mm. Figure 12 shows the composition of components used for the full-scale specimen test. The structural components of this specimen consist of five separate parts: the test beam with slanting ends and two short side beams. These five parts were assembled by normal bolts and nuts.
For the tests, the side beams and middle beam were attached as a connected member of the whole specimen, similarly to the analytical assumptions. According to the analytical hypothesis, the axially restrained steel beam is connected by a sliding connection system. Therefore, slot holes were considered in the specimen for free sliding of the beam on the inclined supports. For the current test, the friction factor, µs, between two plates of the slant connection was also needed. Therefore, the friction test was again carried out to determine the friction coefficient of connections. Figure 13 presents the setting of the friction test based on the Coulomb friction concept on the inclined surface. The self-weight of the side beam was 0.08826 kN with a connection slanting angle of 45° (θ = 45°). The overall weight on top of the side beam was obtained as 0.14164 kN. As shown in Figure 13 , a load cell of 1 kN capacity had been located at the right side of the beam to measure the value of the sliding force. An automated digital data logger (Phidget 4 bridge-interface kit) was used to measure the corresponding axial force. The friction test measured a magnitude of 0.42 (µs = tan φ) for the static friction coefficient of the inclined surfaces. After finding the friction coefficient, the components of the full-scale specimen were installed between two rigid columns that provided fixed-end supports, similar to the analytical assumption. The test was carried out at two different temperatures, before and after elevated temperatures. In the idealised models in the analytical and numerical methods, the value of the elevated temperature was considered uniform.
Therefore, in the experimental tests, a steady-state heating trend was employed. The heat application was carried out for a few minutes to ensure the uniformity of temperature throughout the beam. A series of tests were conducted to verify the analytical outcomes. Figure 14 shows one of the typical cases. As shown in this figure, the axial forces were measured by a 5 kN (capacity) load cell located at the side beam. The measured values were recorded by a digital data logger board (Phidget 4 Bridge) that was linked to a computer. For the heating system, an electrical heating element was installed on the web so that the required temperature can be controlled by a control box. To keep the temperature within 100 °C or elastic zone [18] , one thermocouple set was attached to the main beam. The thermal sensor of this set was connected to a digital screen board in the control box so that the maximum temperature for the heating system can be imposed. The performance of the steel beam was investigated under 13 symmetric gravity load intensities (0.215 kN, 0.382 kN, 0.549 kN, 0.828 kN, 1.043 kN, 1.195 kN, 1.303 kN, 1.503 kN 1.703 kN, 1.903 kN, 2.003 kN, 2.103 kN and 2.203 kN ) . The results from the experimental studies were compared at certain loadings with the analytical models. Figure 15 shows the relationships between applied loads and axial forces in the beam at two different thermal conditions: before and after elevated temperatures. It is evidenced that the analytical models conform acceptably to the results produced by experiments, both before and after temperature increase.
Non-symmetric gravity load test
In the non-symmetric case study, the beam specimen was tested under a group of weights for two different load distributions in terms of resultant gravity load location on the beam. With the analytical equation (Equation 5 ) the values of a can be determined for both before and after sliding cases for the full-scale specimen: these values were obtained as 0.65 and 0.8, respectively. Similarly, the beam was tested for several incrementally applied non-symmetric gravity loads with three sub-cases: before (two cases) and after elevated temperature. During the test, the axial force was recorded with a force sensor located at the end of the side beam and an interface kit system (model 8/8) attached to a computer. The aim was the same, i.e., to measure axial force in the beam for incremental load magnitudes. For the current tests, the distances from the centre of mass of non-symmetric gravity load to the right support were 0.65L and 0.8L for the cases of before and after sliding, respectively. The beam of a full-scale specimen was tested at room and elevated temperatures. A thermocouple set was used to measure the applied temperature. The heat source from an electrical element was placed in the middle of the beam web. The experimental results were compared with the analytical results. Figure 16 illustrates a comparison between the analytical and experimental methods based on the relationships between applied non-symmetric gravity loads and the axial forces in the steel beam, for various sliding and thermal conditions. In the experimental study, two specimens with different sizes were designed to verify the primary hypothesis on the performance of the proposed connection. On the other hand, structural behaviour was simulated and examined by an analytical approach. Equation 6 is adopted to determine the comparison ratio of analytical to test results where P is the measured axial force under various boundary conditions such as Pi or Pt and n is the number of tests under various gravity loads. The comparison ratio for the small-scale specimen is 0.97 under symmetric gravity load only. However, after an increase in temperature, this ratio is computed as 1.08. Under nonsymmetric gravity load, the ratio ranges from 1.00 to 1.02. From the full-scale specimen, the comparison ratios are between 0.96 and 1.09.
CONCLUSION
In this research, a series of experimental tests was conducted for steel beams with a 45° slanting angle of end-plate connection to validate the results obtained from the analytical approach, where two sets of specimens were fabricated for tests: a small-scale and a real-scale physical models.
The test results were in consistency with those of analytical for both the small-scale and realscale specimens within an acceptable range of agreement. Therefore, the models can predict satisfactorily the behaviour of a steel beam with slant end-plate connections in various boundary conditions.
It is concluded that the axial load-bearing capacity of a steel beam under symmetric gravity load is higher than that under non-symmetric load at room temperature. On the other hand, the axial load-bearing capacity of this beam is identical under elevated temperature conditions for both symmetric and non-symmetric gravity loads.
